Knowledge of normal human cardiac excitation stems from isolated heart or intraoperative mapping studies under nonphysiological conditions. Here, we use a noninvasive imaging modality (electrocardiographic imaging) to study normal activation and repolarization in intact unanesthetized healthy adults under complete physiological conditions. Epicardial potentials, electrograms, and isochrones were noninvasively reconstructed. The normal electrophysiological sequence during activation and repolarization was imaged in seven healthy subjects (four males and three females). Electrocardiographic imaging depicted salient features of normal ventricular activation, including timing and location of the earliest right ventricular (RV) epicardial breakthrough in the anterior paraseptal region, subsequent RV and left ventricular (LV) breakthroughs, apex-to-base activation of posterior LV, and late activation of LV base or RV outflow tract. The repolarization sequence was unaffected by the activation sequence, supporting the hypothesis that in normal hearts, local action potential duration (APD) determines local repolarization time. Mean activation recovery interval (ARI), reflecting local APD, was in the typical human APD range (235 ms). Mean LV apex-to-base ARI dispersion was 42 ms. Average LV ARI exceeded RV ARI by 32 ms. Atrial images showed activation spreading from the sinus node to the rest of the atria, ending at the left atrial appendage. This study provides previously undescribed characterization of human cardiac activation and repolarization under normal physiological conditions. A common sequence of activation was identified, with interindividual differences in specific patterns. The repolarization sequence was determined by local repolarization properties rather than by the activation sequence, and significant dispersion of repolarization was observed between RV and LV and from apex to base.
Knowledge of normal human cardiac excitation stems from isolated heart or intraoperative mapping studies under nonphysiological conditions. Here, we use a noninvasive imaging modality (electrocardiographic imaging) to study normal activation and repolarization in intact unanesthetized healthy adults under complete physiological conditions. Epicardial potentials, electrograms, and isochrones were noninvasively reconstructed. The normal electrophysiological sequence during activation and repolarization was imaged in seven healthy subjects (four males and three females). Electrocardiographic imaging depicted salient features of normal ventricular activation, including timing and location of the earliest right ventricular (RV) epicardial breakthrough in the anterior paraseptal region, subsequent RV and left ventricular (LV) breakthroughs, apex-to-base activation of posterior LV, and late activation of LV base or RV outflow tract. The repolarization sequence was unaffected by the activation sequence, supporting the hypothesis that in normal hearts, local action potential duration (APD) determines local repolarization time. Mean activation recovery interval (ARI), reflecting local APD, was in the typical human APD range (235 ms). Mean LV apex-to-base ARI dispersion was 42 ms. Average LV ARI exceeded RV ARI by 32 ms. Atrial images showed activation spreading from the sinus node to the rest of the atria, ending at the left atrial appendage. This study provides previously undescribed characterization of human cardiac activation and repolarization under normal physiological conditions. A common sequence of activation was identified, with interindividual differences in specific patterns. The repolarization sequence was determined by local repolarization properties rather than by the activation sequence, and significant dispersion of repolarization was observed between RV and LV and from apex to base.
noninvasive electrocardiographic imaging ͉ normal cardiac activation and repolarization ͉ normal sinus rhythm U nderstanding normal cardiac excitation provides a necessary baseline for understanding abnormal cardiac electrical activity and rhythm disorders of the heart, a major cause of death and disability. So far, knowledge of normal human cardiac excitation has been obtained mostly through extrapolation from animal studies, including canine (1, 2) and chimpanzee (3) . In addition, human data have been obtained from intraoperative epicardial mapping (4-7) and isolated human hearts (8) . Extrapolation of animal studies to humans is limited by interspecies differences in anatomy and electrophysiology. Also, the animal and human studies were conducted under nonphysiological conditions (e.g., anesthesia effects and heart exposure during intraoperative mapping; effects of isolation and absence of neural inputs, mechanical loading, and normal perfusion in isolated heart studies). Until now, it has not been possible to study cardiac excitation in intact healthy subjects under normal physiological conditions because of the unavailability of a noninvasive imaging modality for cardiac electrical function. Electrocardiographic imaging (ECGI) (9) is a noninvasive cardiac electrical imaging modality that can image epicardial potentials, electrograms, and isochrones (activation sequences) using electrocardiographic measurements from many body surface locations together with heart-torso geometry obtained from computed tomography (CT). This imaging technique was extensively validated previously in normal and abnormal canine hearts (10) (11) (12) (13) (14) . In a recent technical report (9), we introduced the methodology of ECGI application in humans, using single examples of ventricular and atrial activation in a normal subject and in patients with right bundle branch block, ventricular pacing, and atrial flutter. More recently, human ECGI was further validated by comparison to direct epicardial mapping during open-heart surgery in cardiac patients (15) and to catheter mapping in a patient during ventricular tachycardia (16) . Following the successful validation of methodology, we report here on a physiological study using ECGI as a noninvasive research tool. We use ECGI to image normal human cardiac activation and repolarization in vivo in seven (four males and three females) intact healthy adults under completely normal physiological conditions. We describe common patterns and identify interindividual differences among subjects.
Results
Ventricular Activation. In the normal heart, the cardiac impulse is conducted from the atrioventricular node to the ventricles through the right and left bundle branches of the conduction system. The Purkinje network and the anisotropic fiber structure establish a broad activation front that propagates from endo-to epicardium. Epicardial breakthroughs occur when the activation front arrives at the epicardium and breaks through the surface. The timing and location of these events provide key information on the sequence of ventricular activation.
Epicardial Potentials. The first breakthrough occurs in right ventricular (RV) anterior-paraseptal region during early QRS and is termed RV breakthrough (RVB). Its timing and location are salient features of normal RV activation. In Fig. 1A Right, the activation front is represented as a dipole layer (17) approaching RV epicardium, generating a positive potential region (ϩ sign). ECGI imaged this positive region noninvasively in all subjects; an epicardial potential map from subject no. 1 ( Fig. 1 A Left) is shown as a representative example. Upon breakthrough (Fig.  1B) , the positive region is invaded by a local potential minimum [blue, Ϫ, at the RVB site (Fig. 1B Left) ]. As shown schematically in Fig. 1B Right, this minimum is generated by diverging dipoles that generate negative potentials. The RVB minimum was imaged in all subjects; the times of its appearance are provided in Table 1 .
After RVB, additional breakthrough minima appear on RV and left ventricular (LV) epicardium (1). Fig. 1 C and D show ECGI epicardial potential maps during middle and late QRS using subject no. 1 as a representative example. During mid-QRS (Fig. 1C Left) , more breakthroughs appear in the left-anteriorparaseptal region (Fig. 1C Left, 2) , right-inferior RV (Fig. 1C  Left, 3) , and apical RV region (Fig. 1C Left, 4) . Note well developed RVB minimum (Fig. 1C Left, 1 ) that has spread in all directions. Minimum at site 2 [also observed by Durrer et al. (8) in isolated hearts] is attributed to an activation front generated by the left-anterior fascicular branch of the left bundle branch (7) . Subsequent time frames (not shown) show further development and spread of the breakthrough minima. At QRS end (Fig.  1D Left) , RV is engulfed in negative potentials because of the coalescence of all breakthrough minima. Thus normal epicardial RV activation is caused by the coalescence of multiple breakthroughs, an observation consistent with high-resolution mapping of canine epicardium (1) .
On the LV, a broad maximum develops over the lateral-apical region (Fig. 1C Right) , reflecting endocardial-to-epicardial propagation of the LV free-wall activation front (8) . We observed from epicardial potential maps of subsequent times (epicardial potential movie in Movie 1, which is published as supporting information on the PNAS web site) that this maximum migrated from lateral LV apex toward the posterolateral base. This is also evident from LV potential distribution at QRS end ( Fig. 1D  Right) , where the apical maximum of Fig. 1C has become localized and moved to posterobasal LV (last to activate). Interindividual differences in the last areas to activate are presented in Table 1 . Fig. 1E presents a summary of all imaged epicardial breakthroughs in all seven subjects. Overall, there is good agreement between these breakthrough sites and those observed in an intraoperative study of early activation sites by Wyndham et al. (7) . Ventricular Electrograms. Fig. 2 shows typical normal electrograms imaged by ECGI using subject no. 1 as a representative example. Electrograms are shown from select RV and LV locations ( (8, 18) and RV free-wall activation, the sharp rS downslope reflects local epicardial RV activation, and the rest of the S wave reflects continued RV activation and remote LV activation (5, 6) . Toward RV apex (Fig. 2B, 2 ), Rs morphology is reconstructed, with local activation on the Rs downslope. Superior RV (RV outflow tract, Fig. 2B, 3 ) typically shows rSrЈ morphology, with local activation time on later rЈ-wave. Posterior RV (Fig. 2B, 4 ) also shows rS morphology. Thus, anterior-paraseptal, apical, posterior, and superior RV epicardium always exhibit waveforms that are amplitude variations of RS or rSrЈ morphology, in agreement with intraoperative mapping in humans (5, 6) .
In LV, the region adjacent to the anterior interventricular septum typically shows electrograms of rS morphology (Fig. 2B,  5 ). Increasing amplitude R waves (Fig. 2B, 6 ) are observed closer to the LV apex. Except anterior and anterolateral regions, most LV electrograms exhibit initial q wave (Ͻ30-ms duration) reflecting rightward septal activation (Fig. 2B, 7 and 8) . In some subjects, this q wave is reflected more apically. Thus, LV electrograms from free-wall ( In Fig. 3 , we present ventricular isochrone maps of three subjects (Fig. 3 A-C) . Two adjacent early activation sites on a line perpendicular to the left anterior descending coronary artery (LAD) are imaged in subject no. 1 (Fig. 3A, 1,  2) . Posterior LV activation of this subject shows uniform isochrones, with posterolateral LV being last to activate. In subject no. 3 ( Fig. 3B) , an elongated early activation region (Fig. 3B, 1 ) parallel to the LAD is observed. We also imaged early activation in the left-anterior-paraseptal region (Fig. 3B, 2) . In subject no. Fig. 3C) , several early epicardial activation (breakthrough) sites are seen: 1, RVB; 2, left paraseptal; 3, left apical; and 4, posterior LV. Uniform isochrones on posterior LV, ending at the LV base, are observed in subjects nos. 1 and 3. In all subjects, the LV base is the last to activate, and epicardial slow propagation Age, gender, and QRS duration (determined from the 12-lead electrocardiogram used for subject selection). Times of earliest activation (RVB), last area to activate, mean activation recovery intervals (ARI), and ARI dispersion (LV apex-to-base) were determined from ECGI images. F, female; M, male. RVOT, RV outflow tract. (crowded isochrones) is seen in the RV outflow tract region. Pooled data comparisons of ventricular activation characteristics (QRS durations, RVB times, and last areas to activate) among subjects are provided in Table 1 .
(
Atrial Isochrones. Fig. 3D shows ECGI images of atrial activation isochrones from subject no. 4 . Earliest activation (deep red) starts in right atrium (RA), near the attachment of the superior vena cava (the anatomical location of the sinoatrial node), where the impulse originates. The impulse propagates to the rest of the RA and left atrium (LA). LA appendage is activated last. These imaged isochrones are consistent with those recorded directly in isolated human hearts (8) .
Ventricular Repolarization. In contrast to the dynamic pattern of epicardial potentials during depolarization (QRS), epicardial potential patterns of normal repolarization hardly vary during the ST-T segment. This static pattern reflects the relatively slow process of repolarization, which, unlike the localized and propagated depolarization process, covers the entire ventricular myocardium. We describe T wave epicardial potential patterns using subject no. 1 as a representative example (Fig. 4) . During T wave onset, a maximum (dark red) appears over the anterior surface ( Fig. 4A Upper) ; it remains static and intensifies during peak T wave (Fig. 4A Lower Left) . Negative potentials (green and blue) cover most of the apical and inferior LV and persist through T wave peak (Fig. 4A Right) . These human patterns are consistent with T wave patterns in the chimpanzee heart (3).
The electrograms in Fig. 2 clearly indicate that ECGI can reconstruct epicardial T waves. Typically, anterior RV electrograms show upright T waves, whereas posterior and apical LV show negative T waves. These reconstructed human T wave morphologies are very similar to those observed in the chimpanzee (3). A recovery-time isochrone map is shown in Fig. 4B (all times are from QRS onset). The corresponding activation recovery interval (ARI) (14) map is shown in Fig. 4C . In general, recovery times are determined by both the activation sequence and local repolarization, whereas ARIs reflect only the local repolarization and local action potential duration (APD), independent of the activation sequence. The close correlation between the recovery-time isochrone map (Fig. 4B ) and the ARI map (Fig. 4C) indicates that local APD (local repolarization) is the major determinant of the repolarization sequence in the normal human heart. The much lower similarity to the activation-time isochrone map of the same subject (Fig. 3A) indicates a minor role for the activation sequence in determining the repolarization sequence, an observation also documented by direct mapping in normal canine hearts (19) . This property of normal repolarization results from the fast spread of activation in the normal heart, where the Purkinje system plays a major role. Normally, spatial differences in activation times are much smaller than in APD, and local APD determines the local repolarization time to a very close approximation. For subject no. 1, mean ARI over ventricular epicardium is 256 ms (maximum, 329 ms; minimum, 191 ms). The difference between LV and RV average ARI (LV-RV averaged over all reconstructed RV and LV ARIs in subject no. 1) is 32 ms. Apex-to-base LV ARI dispersion is 30 ms and shows uniform gradation (Fig. 4C Right, green to blue). Table 1 summarizes ARI mean values and apex-to-base dispersions for all subjects. Note that mean ARI values are in the range of typical human APDs. Dispersions are between 30 and 52 ms. Mean ARI and dispersion averaged over all subjects were 235 and 42 ms, respectively.
Discussion
This study characterizes normal atrial activation and ventricular activation and repolarization in the intact human heart under normal physiological conditions, using a noninvasive imaging modality called ECGI. Because ECGI is noninvasive, it has enabled us to study normal activity under complete physiological conditions (closed chest, no anesthesia, presence of neural inputs, mechanical loading, and normal perfusion) in intact human subjects. The study was conducted in seven healthy adults using ECGI to image epicardial potentials, electrograms, and isochrones. Similar to invasive epicardial mapping, ECGI images are limited to the heart's surface. Before epicardial breakthrough, epicardial potentials and electrograms reflect intramural excitation. Based on a knowledge of anatomy, its role in the excitatory process, and published intramural recordings (8, 18, 20) , intramural activity can be inferred from ECGI epicardial information (11, 13) . This property has been demonstrated in canine hearts (11, 13) . For example, during pacing, ECGI was able to estimate intramural depth of pacing sites (simulating intramural ectopic foci) (11) , and in an infarcted canine heart, ECGI provided information on intramural components of reentry during ventricular tachycardia (13) . Other approaches have been developed to image intramural activation. Modre et al. (21) imaged myocardial activation using activation time imaging. More recently, myocardial activation sequences of rabbit hearts during ventricular pacing were imaged by Zhang et al. (22) .
Normal activation is conducted to the ventricles through both bundle branches of the conduction system. Anatomically, the right bundle branch is a minimally branched structure, whereas the left bundle branch is more diffuse, with two principal branches, large posterior radiation (posterior fascicle) and smaller anterior radiation (anterior fascicle). There is interindividual variability in this structure and in the distribution and penetration of Purkinje fibers, resulting in significant differences of ventricular activation patterns among individuals. Indeed, in this study, a general sequence of activation common to all subjects is identified, with interindividual differences in specific details of the patterns.
Earliest epicardial activation occurred in RV right-paraseptal region in all subjects; this RVB occurred within 25 ms of QRS onset. Multiple breakthroughs aligned parallel to the left anterior descending coronary artery (LAD) were found in this region (Fig. 3C, 1) , as observed in the dog (1). Sometimes a large elliptical area of earliest epicardial activation parallel to LAD was found (Fig. 3B, 1) . Before this event, negative potentials or electrogram q waves of duration Ͻ30 ms were observed on posterior LV, reflecting left-to-right septal activation and RV free-wall activation (Fig. 2B, electrograms from sites 7 and 8 ). An average 7 ms after occurrence of RVB, LV breakthroughs occurred on the anterior-paraseptal region (all subjects) or posterior LV (subject no. 4, site 4). Simultaneously with or subsequent to this event, multiple breakthroughs on the RV appeared, typically near RVB and on inferior RV (three subjects). Subsequently, another LV breakthrough appeared on apical anterior LV (four subjects). In all subjects, all breakthroughs appeared Ͻ40 ms from ventricular activation onset. Most RV epicardium was depolarized by the coalescence of various breakthroughs on the RV. LV activation was achieved through a combination of: (i) transmural conduction, (ii) radial spread from breakthrough sites, (iii) spread from RV, and (iv) spread from apex. Typically, a region of colliding wavefronts (R wave electrograms in Fig. 2B, 6 ) was observed on the leftanterior margin. The latest activation occurred in posterior or posterolateral basal LV and͞or RV outflow tract. ECGI images of atrial activation during normal sinus rhythm were consistent with direct human atrial mapping (8) . Isochrone maps showed radial spread from the sinus node with the latest activation of the left atrial appendage.
In many ways, this in vivo study in seven normal, intact, and awake adults is the physiological counterpart, under complete physiological conditions, of the classic study by Durrer et al. (8) in seven isolated human hearts. In Durrer's study, the hearts were isolated from seven individuals who died from various cerebral noncardiac causes. Obviously, activation in these hearts was not studied under completely normal physiological conditions; nonphysiological effects included lack of neural inputs and mechanical loading, nonphysiologic perfusion, exposure to a medium (volume conductor) with different properties than in vivo, and possible damage caused by the isolation procedure and insertion of needle electrodes. Such difficulties are unavoidable in isolated heart experiments. The present study takes advantage of the noninvasive nature of ECGI to obtain data that are free from the nonphysiological effects associated with the isolation procedure.
Conduction velocities of ventricular epicardial activation estimated from epicardial isochrone maps were often nonphysiologically high (Ͼ1,000 cm per sec). This is because velocity measured on the epicardial surface is a true velocity only when the wavefront is perpendicular to the surface (1). In dog hearts (1), it was observed that, where the wavefront was at an angle to the surface, measured epicardial velocities had a wide range (100-1,100 cm per sec). Clearly, these apparent (pseudo) velocities can reach very high values; at the extreme, a wavefront parallel to and traveling toward the surface can generate simultaneous activation of a large epicardial region with an infinite apparent velocity. Similarly, large apparent velocities can result from irregularities in a wavefront approaching the epicardium (23) . Estimated atrial conduction velocities were in the physiological range possible for true propagation (80-100 cm per sec), because the thin atrial wall minimizes endocardial to epicardial spread and the associated estimation error.
The ability to image and determine cardiac repolarization is important, because repolarization abnormalities and large dispersions are underlying causes of many arrhythmias (14, 19) . Normal ventricular repolarization was characterized by T wave electrograms, potential maps, recovery-time isochrones, and ARI maps. In all cases, the repolarization sequence was determined by local repolarization (APD) with minimal effect of the activation sequence (Fig. 4 B and C) . This is because normal ventricular activation is fast, and spatial differences in activation times are much smaller than APD differences. Thus, to a good approximation, epicardial activation can be assumed to be simultaneous when recovery is considered. This is in contrast to repolarization during ectopic activity or pacing, when the conduction system does not participate. For such activity, conduction is slow, and activation time differences are much longer than APD differences. Under such circumstances, local repolarization time is determined by the activation sequence (9) . A gradient of ARIs from RV to LV and from LV apex to base was imaged. Similar gradients were measured in canine hearts (14, 19) . The normal canine heart (14) was found to have an average ARI of 200 ms (vs. 235 ms for human hearts in this study). Measured canine LV apex-to-base ARI dispersion was Ϸ28 ms, and average LV to RV ARI difference was 19 ms. Although repolarization dispersion indices for human epicardium have not been directly mapped, Vasallo et al. (24) mapped LV endocardial dispersion of 52 ms.
All presented results are based on intrinsic resting heart rates. A study of the changes in normal activation and repolarization because of increased heart rate (e.g., during exercise) is also of great interest but outside the scope of this paper. Future studies in our laboratory may explore such rate-dependent phenomena using ECGI.
Methods
Mathematical Approach. ECGI reconstructs epicardial potentials, electrograms, and isochrones from body surface potentials using mathematical reconstruction algorithms. The basis for ECGI methodology is the discretization of Laplace's equation, which computes the electrical potential field in the source-free volume between the heart and body surfaces. Application of Green's second theorem and the boundary element method results in a transfer matrix relating body surface potentials to epicardial potentials. Epicardial potentials are then computed from the body-surface potentials applying a constraint-based Tikhonov regularization (25) and͞or an iterative GMRes method (26) . Details of the mathematical methods have been provided in previous publications (25, (27) (28) (29) .
Procedure for Human Studies. The subjects selected for the study were healthy adults, in the age range of 21-43 years. Seven subjects (four males and three females; see Table 1 ) participated in the study. Each subject had a typical normal 12-lead electrocardiogram and no known history of heart disease. Before the study, we obtained informed consent based on the guidelines and regulations of the Institutional Review Board (IRB) of the University Hospitals of Cleveland (UH) and Case Western Reserve University (all our studies were performed at UH). The human research protocol was approved by the hospital IRB. Details of the procedure were provided in a previous publication (9) .
In ECGI, we record 224 electrocardiograms over the entire torso surface and also obtain subject-specific heart-torso geometry using CT. First, a 224-electrode vest was strapped on the subject's torso and connected to a custom-built multichannel mapping system. Torso-surface electric potentials are recorded followed by a thoracic CT scan to obtain high-resolution images of the heart and the vest electrodes. The electrode positions and 3D epicardial surface geometry are obtained via segmentation from each of the transverse CT images. The electric potential and geometry information are then processed by ECGI to obtain, noninvasively, potentials, electrograms, and isochrones over the entire epicardial surface of the heart during the entire cardiac cycle. A block diagram of the ECGI procedure is included in Fig. 5 , which is published as supporting information on the PNAS web site.
ECGI reconstructions of epicardial potential maps, electrograms, and isochrones were performed for each subject and analyzed to interpret the sequence of ventricular activation. Epicardial potential maps were reconstructed at 1-ms intervals. Epicardial electrograms, each depicting the variation of potential with time at a single site, were computed at many sites (typically 400-800) over the epicardial surface. Isochrone maps depict the sequence of epicardial activation based on local activation times, taken as the point of maximum negative derivative (ϪdV͞dt max ) of the QRS segment in each electrogram. We compared the sequence and patterns of reconstructed epicardial potentials, electrograms, and isochrones in each subject with published invasive epicardial recordings from chimpanzee (3) and human hearts [intraoperative (7) and isolated (8) ]. Ventricular repolarization was analyzed by using reconstructed epicardial potential maps during the T wave, T wave electrograms, and ARI (14, 30, 31) . ARIs were determined as the difference between activation time and recovery time (taken as the dV͞dt max of the T wave on the reconstructed electrogram). ARIs are important in the study of repolarization properties as they reflect local APD (30, 31) .
We present the results through example maps of individual subjects that are typical and representative of the rest of the subject pool. Pooled data comparisons are presented in Table 1 .
